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ABSRACT

The effect of body geometry on the equilibrium turbu-

lent hypersonic wake is examined by computing the wakes behind

several bodies with different cone and sphere-cone nose shapes.
Typical re-entry trajectories at several different ajtitudes are

used for the free stream conditions. Also, theoretical predictions

for the wake growth behind cones are compared with available bal-

listic range measurements.

In order to determine the initial conditions for the

subsequent wake behavior the bow shock shape, the viscous base

and neck regions, and the inviscid wake shock are examined.. The

results for the initial wake properties indicate that the inviscid

flow is made cold by making the body sufficiently slender, even

th6ugh the wake shock now gives a relatively significant contri-

bution to the enthalpy. Also it is 'found that in determining

the initial viscous core properties the Reynolds number is much

C more important than the shape of the body.

From the downstream wake histories the results indicate

that initially the slender body wake grows slower and cools

much faster than the blunt body wake. Eventually, sufficiently

far downstream the wakes of all bodies should be P unique function

of C DA. However, until the asymptotic downstream conditions occur,

it is found that even two bodies with the same drag coefficient

but different shapes can have completely different wake growth and

enthalpy histories. Further, the degree of this difference depends

considerably on the altitude (Reynolds number' . Since equilibrium

electron histories follow the enthalpy, a slender cone can have a

very short radar wake compared to a blunt body. On the other hand,

because of the initially slower wake growth for the cor.- an even

longer time than for the blunt body can be required for the radial

diffusion of any non-recombining foreign substance (e.g., ablation

material) deposited in the Vake.
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!. _I'RODUCTIOIi

The turbulent vake behind a body moving at hypersonic speeds can be

considered to be composed of two portions (Fig. 1); an outer inviscid region

and an inner turbvlent viscous core. For a blunt body the large nearly-normal

portion of the bow shock generates very high flow temperatures, with the result

that under equilibrium conditions the outer inviscid region remains hot even

after isentropic expansion to ambient pressure. Furthermore the turbulent core

itself, which has undergone viscous losses around the body and in the free

shear layer, can also be hot. The subsequent cooling process by core growth

and turbulent mixing, although much faster than laminar diffusion, has been

found (1) + to require distances of hundreds of body diameters downstream,

largely because the hot core is surrounded and fed by additional hot gas from

the outer inviscid region. The purpose of this paper is to examine the effect

of body geometry on the turbulent wake. This will be accomplished by computing

the wakes for bodies of various bluntness ratios (nose/base diameter) and com-

paring with the previously computed sphere (1).

It is necessary to examine the changes produced by body shape in

both the outer inviscid flow and the initial turbulent core or neck properties.

Since the bow shock strength is nearly everywhere quite weak, the inviscid flow

changes considerably and, in fact, should be made "cold" by making the body

slender. The contribution of the wake shock for a blunt body was found to be

negligible (1) in comparison with the bow shock, and n)w must be re-examined

for a slender body.

Regarding the viscous core properties it is not possible to state

a priori what is the effect of changing body shape. Conventional methods of

calculating the boundary and free shear layers were used; however, clearly

more detailed analysis of the latter and, above all, experimental data at the

higher velocities are needed. For example, the basic structure of the wake

neck geometry at high velocities (M " 5 20) would be very useful.

Two important physical processes determining the properties of the

turbulent wake are non-equilibrium chemical processes and body ablation

characteristics. Discussion and preliminary results regarding the former as

to hypersonic wale flows are given by Lees (2) and Bloom (M). For the present,

+ Denotes references listed at end of paper.



we acsur= here chemical equilibriuz ';f pure air, except that the special case of

'pure" diffus'n cf a. foreign specics with zero recorbination is considered.

•Z -o fa,4:.ier of b"-dles art.: cnsiaeiea here. These are ahown in Fig. 2

with the p -inet fl-cw rr ti gi:''Ut Tables I and II. Ope of these families

.-onsists of aphera-ccries with a constazt cone angle. The second family are pure

.ones f ;r--i~us an.le. The -u*,u ke a a 2,lculated for typicel re-entry conditions

of M 20. 22 ('Tabl !) Fz In.i-us Ltiti.o .z (ieynolds number variationz). Also,

thecetical ;.-ed- .Atl.,Ls ftor the sake ri'tw, Dehind coneu are compared with baUistic

xznge dats taken ty 51artery (4) and -;3.y a±nd -3p--Ly (5) and Short (Table II).

Tm Section 2, . brief re.lt .e .-h .asri- ~tcal relaior,, is included

.n or-er tG pr0vl.i .'l c,, v,=nler rae. ccYw .fftock shapes for tk.e various

Wodizs are examined in Section 3. In Secti,'. " the eethods used tO calculate the

case and neck properties are described wria. s..1.t Ct-eol'o 5 tie complete initial

vivlc'i wake enthalpy Jistrl'hu-Aons &a iven. Discussion of the ao.wnatream

furbulert wake prp-rtles is gl.veL i;:% See--oi. 6 ea conclusions from this study

in Section 7.

2. SUMMARY OF TEORETICAL ANALY9IS

2.1. Turbulent Difusion pf Enthalpy in the Inner Wake

Since the details of the araysis used here have been

published In Ref. (1), only essential points and relations are listed

below.

1. Howarth-Dorodnitsyn variable is used for the inviscid regime

+

YT d Y PL -Y d()

where y = y/d anl the subecv±' L acne;es r.vlscid or outer wake

properties.

2. Inviscid enthelpy is character:'ed "y a two ;RThm -r Te~tlcf

hL

1 - 1 9(Y IrgV

+i = 0 for two dimensional flow and m = 1 for axi-sysmetrio flow,

-2-



3. Velocity is assumed to be an average velocity (u = u)

where 0.8<0<0O.9 so

U. - u
S/.l andh -h u (u -u) (3)

4. Howarth-orodnitsyn variable for the turbulent core is

referenced to the frunt values atsr Y =

Y4T d T = (-01 3P d (4f)

5.Profile within the turbulent core is characterized by two
parameters

where for the present Gis assur&ed parabolic and the

following will be used Y

Gm+1 fG( Y)(hJT dh Y5a

6. Reynolds' hypothesis of similarity between the turbulent

transfer of mass, momentum and energy is assumed. Thus only

the thermal diffusivity is needed. Townsend (1) found that

for low speed wakes

[UR (O . constant (6)

ivhere A 0Is a measure of the wake width. The assumption is

now mnade~ that the hypersonic wake irnstantaneougly acts like a

slice of low speed wake or

C T ~Uf -u(O)])Yf 1 -1(7)

where K~ can be related to 1owneend's j.iby X= ~2



7. Only the thcrmdymmic offcot of th. st:.toic przzssure iarl-

ations along the wake axis is considered, i.e., tho : rac- ,re

gradient terms in the govcrning equations are negiected bu. a

the equation of state p/vph is used. By ite;ing the erc.gy

equation across the wake results In the roelowing relation

between the two parameters B1  and YT. (41

pfG m+C

[ YTf G Im: CDf, - ..
(Jf)IBly a+G - (C L l

Lpi Tf m+! i I

L YL i +' -a
LfL

+ iiHy IL, Y, ! x,' o i

Note that this relation gives the ,'ison - ' , ne Ou

core drag to initial drag. Thus arymptot-icfly : ra i c fi "*-'u C

o + C f
CD, -Df = CD = [(CD) 'I (YL)J

Also in Eq. 8 the fact is used that tht turbulent .r ,Ja±c

Howarth coordinates (YT' YT) aro related by

- T+1 Yr-. " 6 '(constant) (10)

where

(r+l) m+l cf

8. A second relation between B1 (2) and Y-% ( is obtained by

satisfying the energy equation along th ,- is. F 'irly, usInM,

this relation ana Eqs. (1 - 10) leads to an !Ategral equation,

for the wake growth YLf



yr 1ml 2 h,l 1h,~ IY

4 ~ ~~~~ Lg (yfm± 6 m+1i dz Y.ml

I~ [f- Lf] . + ~~jY

T c~ d (ii)

_ 1+G~ (12e.)f

where

1.10 1. +(Y )

h = [gL 4 m+lG MAH(Y L ,m+l- j 12

BI

(O..)m+l 'yf + n+lH f YL YLf g(YLf) d rnii(12c)

H~(~ ~m+l 2 m+l7

1 Hg(Y~f(Y~f -6 (12d)
1+ m( (y

Fa(YL)l _j {W-.T-l} ~ I(C ) F(YDf Lf L1. jf

+ Prime~ denotes, differentiation.



2.2 Turbulent Mass Diffusion in the Inner Wake

Onto the history of the turbulent diffusivity ET(d) along

the wake axis is known, turbulent diffusion of a particular spccies

in the inner wake can be described by an analysis similar to that for

the enthalpy. It is assamed the mass concentration is again given by

a two rarameter relation

YT o} /% (13)

where F is taken to be gaussian. The result as given in Ref. (1)

for the variation of Ko (d) along the axis is

I~~o did

LK ( } lx -1

u<++0a
2 K( + .( 1 () ,1

M+ h~ 1 1' m l d
4mGm+3. " (Y l 6)/+l i ~ i( i y-6

Once the rass fraction is known the value of the number density

per unit volume along the axis is calculated from the relation

0 o P~ K IX) (5

The relations as given above are in a slightly different form from

those in Ref. (1). This is because the over-all inviscid drag coefficient CD

was introduced as a normalizing factor in the former. It is not necessary too

do this since the behavior of the core depends only on the location of the

local enthalpy front and its slope; it knows nothing of the over-all drag until

it has engulfed the complete inviscid drag.

-6-



3. BOW SHOCK SHAPE

The turbulent wake analysis assumes that the outer inviscid enthalpy

profile is invariant with axial distance, which will be the case once the pressure

returns to ambie: . Since the entropy is constant along any streamline in the

inviscid flow, only the shock shapes, including the wake shock, are needed to

determine the desired enthalpy at p = pc.

The general configuration of the inViscid flow field as calculated is

shown in Fig. 3 where A is a constant pressure free streamline and B is a cylindri-

cal sting. To determine the wake shock actually calls for knowledge of the viscous

base and neck region, since these determine its position and the amount of recom-

pression necessary for the flow to be turned back parallel with the axis (angle

of A and position of B in Fig. 3). Strictly speaking the bow shock is also

affected by the base region through the shoulder expansion fan. However, the

back portion of the expansion fan, which is sensitive to the s.oulder expansion

angle, hits the bow shock far downstream where the shock is already quite weak.

Thus an error in the estimate of the shoulder expansion angle of several degrees

was found to make negligible differences in the dowilbtream bow shock shape, and

the bow shock can be studied separately without knowing exact details of the

base region. The latter will be examined before the second shock and complete

initial wake invisdcid enthalpy profiles are given.

For each of the configurations studied these shock shapes were obtained

by the method of characteristics +. Ephasis is placed here on the use of the

shock shape rather than the detailed characteristics solution throughout the

flow field since extension of characteristics calculations well downstream is

apt to introduce significant errors, especially in high entropy gradient flows

(1, 6). The details of the body shapes and flow parameters are found in Fig. 2
and Tables I and II.

Blast wave theory predicts for a point source of energy that the

shock should be parabolic or

Y-= k (16)

+ In the ballistic range case pictures supplied by Dr. Slattery of Lincoln lab

facilitated in checking the ca. t~jns.

-7-



Van Hise (7) through a characteristics study demonstrated that for a hemis-

phere nose at high hach numbern the exponent is slightly less than 0.5. Seiff

(8) and Whiting point out from experimental range firings of sphere-cones that

one can talk about three shock shape regions, two of which can be approximated.

by an equation of the form of Eq. (16), but each with different exponents. Con-

sidering even more detail for sphere-cones if the body is sufficiently slender,

five regions can actually be said to exist. This is seen from Fig. 4 in vhich

the entropy is plotted (or shock strength) vs. radial shock location in nose

radii. The five regions are

1) high entropy, spherical nose se&-wnt which exists until the last

characteristic from the sphere intersects the shock

2) undershoot and recompression around initial cone section

3) conical segment if the body is long enough

4) decay starting with intersection of cone shoulder Mach wave and shock

5) asymptote downstream where shock approaches a Mach wave.

In Fig. 4 the decay regions for a sphere and two sphere cones (RN/RB = 1/2, 1/12

are shown. The relative length of the cone segment (or nose/base radius) de-

termines when the expansion fan begins. For the sphere entropy decays smoothly

from the nose area. For R/RB = 1/2 the shoulder expansion fan "catches" the

shock at the limit of the over expansion region and initiates the decay there.

For RN/RB = 1/12 the shock has become asymptotic to a conical shock before the

70 nose radii position. If the body were an ideal pure cone the shock would be

constant in strength until the shoulder expansion started. The axial shock

coordinate corresponding to the shock position is written along the curve.

The bow shock shapes for all the bodies considered have been plotted

in the more conventional manner of Ys vs. a in Figs. 5 - 8. Fig. 5 shows the

results for the spherical nose bodies (Cases I - IV) while Fig. 6 is for the
pure cones (Cases A - D). Fig. 7 includes the two low Mach number cones

(Cases E, F) as well as that for Mb = 22, 0c = 120 (Case D) for comparison.
Finally Fig. 8 compares Case II with a ballistic range shot by Sommer (9) at

Ames.

-8-



In Fig. 5 the sphere (Case I), which is the same as used before in

Ref. (1), gives a straight line with slope n = .466+ which is close to the

value obtained when extrapolating to higher idhch numbers from the data of Seff

(8) and Whiting. The sphere-cone (Case II) has a break in the curve at - = 3.7
++ ddue to the initial effects of the cone section . Although the initial segment

(spherical) of the sphere-cone has n1 = .66, the latter part has n. = .541.

This bears out a fact which will occur consistently here and was mentioned by
Vaglio-Iaurin (10) and Bloom, namely that as the drag coefficient of the bodies

becomes smaller this decay exponent increases. In fact for Case III (sphere-

cone, RWRB = 1/12) n. = .613.

Case III serves to illustrate two other points. First is the far
downstream approach to a Mach wave which begins at about = 30. Eventually the

0dline would be 45 on this plot and n. = 1. This region is also seen in Case IV
which is the comparison of a sphere fired in a ballistic range at M = 9.85 by
Seiff (8) and Whiting and present characteristics calculations.

The second point is that the shock becomes nearly conical along the
body and remains so until the corner expansion hits the wave. This is clearly
seen for the four pure cones (Cases A - D) shown in Fig. 6.

The fact mentioned earlier about the increase in the exponent n as drag

decreases is noticed for the cones here with n. z .523 for @c = 320 increasing
to n2 = .613 for 8, - 120. The progression of this slope has been plotted vs.

cone angle for the cones in Fig. 9 and vs. drag coefficient in Fig. 10. It is
seen to be nearly linear for both these parameters. Sphere and sphere-cone

data from the present calculations and Refs. (8) and (10) have been included in

Fig. 10. The sphere cone exponents for bodies with drag coefficients between

CD = 0.27 and 0.48 seem to be consistently below the pure cone calculations,

while the sphere data are almost in line with the cone calculations.

+n, denotes slope in nose region, n. denotes slope in wake region of bow

shock, and n. denotes wake shock slope.

++ On Figs. 5 and 6 the short vertical line along the curves (marked 1) denotes

the shoulder position for that particular body while the diagional line (I-

denotes position of first shoulder expansion wave intersection with the shock.

-9-



Another feature which will turn out to be important regarding the cone

turbulent wake behavior is the amount of mass passing through the constant

strength portion of the shock, i.e., the position of the shoulder expansion wave-

bow shock intersection. This position denoted (YL )+ has also been plotted in
.,e

Figs. 9 and 10 and it is seen that the decay exponent n2 and YLse behave similarly.

At very large angles of high drag coefficients YLs e has to approach an asymptote

because YL cannot be less than 0.5. The point at CD = 1.51 in Fig. 10 is from
Lse

a 600 cone calculation taken from Vaglio-laurin (10) and Bloom. The ihdividual

scattered data shown in Fig. 9 are for the low-MAch number experimental data runs.

Fig. 7 shows the low Mach numoer runs for the pure cones. Again n 2

increases as cone angle decreases and also as the Mach number decreases. For

5 = 5.9 and 9c = 12.50 the shock is always very weak, in fact on the plot it

scarcely deviates from a 45°line. This case gives n2 - .816.

The experimental data of Sommer (9) shown in Fig. 8 was the only experi-
ment available on a slender shape at high MRanh numberi. This body was fired at
M = 17.95 and is compared here with the calculated shape for the sphere cone at

M = 22 (RN/RB = 1/2). Although the experiment was at a slightly lower Mach

number and 9 = 12.5 ° it is felt the agreement is good.
e

Finally, all the shock waves computed were plotted against the normal-
ixing factor X in Fig. l1. For high Mach number the downstream decay portions

of the shocks collpse into a fan all passing through YB 1.26 and = 2.0.

In the nose portion of the shock the curves deviate, indicating the diffirence
between conical type growth and spherical nose shock growth.

+ For slender cones the Howarth coordinate in the inviscid wake downstream for
a given enthalpy level is very nearly equal to the physical coordinate where
that particular streamline entered the bow shock since

Mass = p=u.. y 2nd2 jpuydy = 21prR2 f UYdYL
0 0

and at p. , u- 1.01 u thenYsZ YL"
d -10

-10-



4. BASE AND NECK mOPERTIES

Before a further determination of the inviscid flow field it -.1s neces-

sary to examine the details of the vtscous base and neck regions. This was doi1d

only approximately since no complete analysis exists It was assumed the flow

is as postulated by Chapman as shown in the sketch below

Sketch 1 - Base and Neck Region

with a recirculating region and a dividing streamline (A) which stagnates on

the axis. The dividing streamline is imbedded in the viscous portion of the

flow and separates the recirculating flow from that which passes on downstream.

The base pressure, free shear layer, neck size and initial wake pressure are

all related. Chapman (11), Kuehn and larson give the pressure rise at the rear

stagnation point in the viscous portion of the flow along the dividing stream-

line. This pressure rise is a function of the Inviscid external Mach number

(along B) and the velocity u* = along the dividing streamline (A)++. To

+ Since the following procedure is rather detailed and some of it is accepted to

be approximate, the question arises as to how much does the downstream wake depend

on the accuracy of the initial quantities. This was considered somewhat in Ref.

(i) and will be again in Section 6.4 for th(, present calculations.

++ It is assumed that the flow is brought to rest isentropically at the rear

stagnation point from its velocity u
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find t:% corr-ect b-e .irezs -e th2 sho'ier e73ransion arle can be c7n ed

(-hich then cranges u aP- thus calls for an iteration procedure) until the in-

viscid pressure behind the shock agrees with the viscous value. The free sar--

layer properties, giving u , will be discussed in Section 4.1.1. Or- diffi-

culty in carrying out the above procedure in axi-syr etric fc_.r is Ithat the

inviscid free strae!-'ire is not straight (see Section 1.1.2), thus the neces-

sary inviscid pressure ratio to turn the flow parallel to the wake axis varies

depending on the n-c thickness. Although the free shear layer properties

were examined and the Chapman type procedure was attemptel, it is recognized

that only a rough answer could be obtained because of the approximations nees-
*

sary to find u ar the unknown neck thickness. However, once acceptable values

for these quantities are found along with the pressure behind the wake shock

properties of the initial wake viscous core can be found directly (Section 4.2).

4.1. Free Shear layer

We now consider the free shear layer in order to find the

dividing streamline velocity u and secondly to examine the effects

of curvature of the inviscid free streamline !n this region.

4.1.1. Velocity Along Dividing Streamline

Chapman (12) has analyzed the free shear layer

problem where the initial boundary layer thickness was assumed

to be zero. For this case he finds a value of u = 0.58.

Denison (13) and Baum have recently re-examined the Chapman

problem with an initial boundary layer thickness and find cor-

rected valuer of u . They, viaever, do not take into account
the facts that the body has a finite height and the distortion

in the free shear layer profile caused by the expansion off the

body shoulder. Hammitt (14) did the same type of analysis in

a more approximate manner assuning an initial cosine shoulder

profile. His final results which are given in Fig. 12 are

used here. Fig. 12 gives the velocity along the dividing stream-

line, u , as a function of the Chapman mass parameter + C and a

r e and is zero for the present along the dividing streamline. This
ux

can be considered a mass injection parameter where t .o denotes mass injected
* i Y

resulting in u 4,u, = 0) as shown in Fig. 12.



mixing pmeamezer g where

(2te

and t is length of mixing run, 6 1 is the initial transformed

incompressible boundary layer thickness, C the Chapmn viscosity

constant and the Reynolds number is the local free shear layer

value based on I. The 9 = - limit for (C = 0) does not corres-

pond to the Chapman value of u - 0.6 but rat~hr ca . e
of U( )= 0.68 due to the approximtions made. These re-

sults can then be used to find a correction factor to be applied

to the Chapman value.

Detailed calculations using Eq. (17) and Fig. 12 to

determine the velocity along the dividing streamline were made

for one high Mnch number case, newly R/i = 1/2. For the

sphere (Case I, Ref. 1) u was taken as the Chapman value 2 0.6.
As mentioned in regard to the work of Denison (13) and Baum the

-- initial mixing profile after the shoulder expansion off the

body is not Blasius-like nor a cosine type. To illustrate the

boundary layer velocity and enthalpy profiles before and after

the shoulder, as .--slculated for Case II, are shown in Fig. 13

-Where the profiles have been expanded around the shoulder by an

isentropic stream tube method. The expansion causes the subsonic

part of the profile to compresi'with the result of the flattened

profiles as shown. This flattening should have the effect of

enhancing the initial mixing and hence raising u *. For the

present a cosine was approximated to the expansion profile of

Fig. 12 with the result that u = 0.39 for Case II at ) = 22
+

and ht = lOOK feet.. To find the initial profile after expansion

the a priori choice of expansion angle occurs once again, but

an error in this choice of several degreesis small compared to

the approximation introduced by assuming the profile to be cosine

in shape.

+ Although it most probably is not correct this same value of u was-assumed-

for the pure cone calculations. The effect this has is discussed in Section

4.2.3.
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4.1.2. Inviscid F'ree Str eamine

In two dimensional inviscid flow the base free -tream-

line e.a.ating fro= the shoulder (A in i.g. 3) is straight, tut
for a7i-symztric flow this streamline curves inward near the

axis.

In order to examine this point the shoulder Prandtl-

Meyer expansion on the 12" pure cone was set successively at
initial expansion angles G e of OP

, -2° , - 49, - ° with the

horizontal. Fig. 14 shows the trajectories of these stream-

lines cor-pared with a straight line. For example, for 9 = - 1'°

the inclination at y/RB = 1/2 is - 60 and approaches - 100 near

the axis. These angles still result in a long base region, but

one effect of interest here is the shock strength required to

deflect the streamline back parallel to the axis. As shown on

the figure for - 49 the elifference at this Vach number

(Me = 17.3) from - 40 to - 60 changes p3/p2 from 5 to 8.

Thus as mentioned before the size of the neck is

now important in determining the pressure ratio P/P "

4.2. Initial Core Properties

From Eqs. (11) aud (12) it is seen that the initial viscous

properties of the core which are needed are the turbulent front lo-

cation, ( ) , drag in the core, (CD ) , the axis enthalpy, ( c)"f I Df Ih.

axd the initial pressure level, P(O)I• The pressure is obtained

from the characteristics calculations once the base and neck details

are prescribed, and is given in Section 5.1. The other three quanti-

ties are related through Eqs. (8) and (10) where

( f•T+l [h(O) h] = + (18)

P.T ) L hC +l ~

+ m+l m+l
Remembering that Pf/p . YTf Lf -6(constant).
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or in the form of Eq. (12b). Thus it is really necessary to calcu-

late independently two of the input quantities. Two procedures were

followed depending on the situation. First, where a picture of the
+

neck region was available (Y ) was obtained from the picture and inde-fi
pendently the initial drag (CD) was calculated. Knowing these two

f~i
resulted in a value of h(O)i from Eq. (18) or (12b). However, for

most cases, in the absence of a picture (CDf ) and h(O)i were esti-

nted, and a check was mode by Eq. (18) or (12b) to insure that a

reasonable value of the physical y, occurred.

4.2.1. Initial Core Drag, (CD )i

The core drag is assumed to be made of two parts:
the skin friction on the body and the drag associated with the

pressure rise in the second shock. The latter is found easily

once the wake pressure distribution (Section 5.1) is found (1)

by (&Df i = 'neck (p3 " P2 ) for axi-symmetric bodies.'

A Since (CDf) = (CD ) + (ACD ) the values used for the
f f skin f i

present in each caze for (ACDi) can be found by referring to
Lfi

Tables I and II where all values of (CD ) and (CD ) are
Li fskin

listed. Since the pressure level in the free shear layer base

region for a blunt body is usually several times ambient, where-

as the slender body is below ambient, (ACD ) for the blunt

body is larger than for the slender body. For example the

sphere at )L =22 and ht = 100K feet has (ADf ) .0057 while

+ On a picture the physical Yfi i's measured. Section- 4.2.2 discusses

the transformtion to (YL)
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for the 120 cone (C .0o18.f i

Skin friction for pure cones as a function of cone

angle is shown in Fig. 15+. This was found with the following

relation which holds for conical flow:
2

4CD - 'I- x I cos 9 cC-9)
('D'rkin j3 2 f'*- (sin%)

where K = K - .67h c.IO (Ref. 15)

Initially there were two questions regarding the

cone skin friction. First, for small cone angles the cone be-

comes very long and (CD ) should become quite large. The
f' skin

question was whether this occurred at cone angles of practical

interest. Fig. 15 shows that the significant increase in

(CD ) s begins to occur at very low angles, in fact, below
f skin

oue degree in cone angle. Second was whether, since the inviscid

drag is much less for a slender cone, would the skin friction

now become larger and in fact dominant. Considering a one foot

radius body and angles around lo at 100K fee' altitude the

laminar friction drag is still small compared to the pressure

drag. If the body were small, or the pressure lower (altitude

higher) this would no longer be true. For a body radius of 1/4"

and 100 cone at 100K feet altitude the friction is over one half

the value of the pressure drag.

4.2.2. Turbulent Front Location

The relation between the ,physical location and

transfo.med location is given by Eq. (12e)

peu yf  L+ (m+) H g(Y )d L(r

+Th pressure drag curves shown in Fig. 153will be discu~s~d in Nation 5.2.
_1 6-
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so if the physical Yf is read from a picture Lf is found directly

by iterating to get a solution of Eq. (12c) using the appropriate

pressure.

Pictures of the neck details are often available (as

those given us by Dr. Slattery) for ballistic range shots. How-

ever, pictures of the neck details for higher Mach number flows

especially for the slender bodies, do not exist. Empirical

correlations of neck thickness such as in Ref. (16) do exist,

but in general they are not reliable enough to be extrapolated.

4.2.3. Initial Axis Enthalpy Level

The initial value of the axis enthalpy was esti-

mated in Ref. (1) by assuming a rear stagnation point exists at

the wake neck and determining the stagnation enthalpy on the

stagnated streamline. This stagnated streamlire is the dividing

streamline considered previously. The recompression of this

streamline to zero velocity on the axis is assumed to occur

rapidly without any energy loss. To find the stagnation energy
,

along the dividing streamline it is necessary only to find u

since

I h * (o
I= - -(20)

where U is local stagnation enthalpy and h is the known wallw 
enthalpy. For a cold wall Chapman's value of u would give

h(O)i 1 0.6H. At hypersonic speeds this is indeed quite hot.

This value was taken for the sphere as calculated in Ref. (1).

For the case calculated in detail here, Case II, in which

u*= 0.39 (section 4.1.1), w was taken as 0.13 thus- h(O)i/q

0.47 from Eq. (20). %

Rather than repeat this invo~ved procedure for the

pure cones the initial h(0)i/h0 value was arbitrarily taken to be
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tis Dae valuc, i~ " 03- 46 at M = 22. This is most proba-

0 bly not correct, but aL; shown later It turns out that the core

equilibrium wake behavior is relatively insensitive to the in-

itial enthalpy level. But for the non-equilibrium case an exact

determilnation of this enthalpy level for a slender body is still

a moat important question.

For the experimental range firings it was not neces-

sary to determine h(O)i independently, since usually the direct

method of measuring the neck thickness from a picture was used

and h(O)i found from Eq. (18). However, for these cases values

of h(O)/i 0.5 always occurred.

4.3. Wake Shock

With the shoulder expansion angle and the neck thickness

determined the wake shock can now be inserted in the inviscid flow.

To review, the characteristics calculations were made for the geometry

shown in Fig. 3 where A is a constant pressure free streamline and B

is an inserted cylindrical sting. The resulting wake shock shapes

are shown in Figs. 5 and 7. These include both the high Hach number

results and those for the experimentally fired cones. The nose is

so snall for RN/RB = 1/12 that the wake shock is taken to be the same

as the pure cone (Case D). Initially each of these wake shocks travel

outward quite rapidly except for the latter cases (III or D) which

seem to take some time for the shock to strengthen. The wake shock

approaches the position of the bow shock with nw>l, and eventually

becomes almost parallel with it as both decay to a Mach wave together.

5. PRESSURE DISTRIBUTION, PRESSURE DRAG AND INITIAL WAKE ENTHALPY DISTRIBUTIONS

5.1. Pressure Distribution

The pressure distributions in the nose region ard along the

afterbody for each of the bodies calculated are shown in Figs. 16-18.

Fig. 16 shows the four sphere, sphere-cone cases at M = 10 and 22,
W

Fig. 17 the pure cones at M = 22 and Fig. 18 the two experimental



x

cone cases. The axial coordinate, a, used in the figures was measured

from the apex of the shock in order to keep the coordinates consistent

with thcse for the shock shape. For -he most part both a cylindrical

and wake afterbody are shown. Again Refs. 7, 10 and 17 present detailed

pressure distribution studies for air so only a few comments as to the

precent particular cases will be made here. First, if the flow at the

body shoulder is expanded to be parallel to the free stream + the re-

sulting pressure is not much different from that which will occur be-

hind the wake shock (where the flow is again parallel to the free

stream). This is expected since the wake shock is relatively weak.

Thus at M = 22 the initial wake pressure for the blunt body is jP -t24p5.".
while for the slender cone = 1 - 2. This is one of the fundamental

p
differences between the hypersonic blunt body and slender body. In

general, the pressure behind the wake shock for the blunt body is

quite high whereas for the slender body it is nearly ambient.

Secondly, the pressure with the wake shock included rapidly

approaches the distribution which would exist for the same forebody

but with a cylindrical aIterbody (instead of wake). In fact by 10

diameters behind the wake shock the pressure is very near to the

cylindrical value

As illustrated in Fig. 17 and pointed out by Vaglio-laurin (10)

and Bloom, the cone-faced bodies at high Mach number exhibit a down-

stream recompression on the cylindrical afterbodies, which exists con-

sistently for all cone angles considered here. This also is seen from

Fig. 17 to exist when the wake shock is inserted (17).

The calculations for the two low speed experimental runs are

shown on Fig. 18.

+ For a sphere it already is parallel to the free stream at the shoulder.

++ This is not true regarding the temperature since any entropy rise persists

in an inviscid flow,
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5.2. Inviscid Forebody Drag Coefficient (Pressure Dragj

The inviscid drag coefficient for pure cones as a function

of the cone angle is shown in Fig. 15 and for various sphere-cone combi-

nations (from Ref. (18)) in Fig. 19.

Previously (1) the drag coefficient for a sphere had been

taken as unity. The more detailed characteristics results indicate

here a value of CDo = 0.94. Characteristics calculations made present-

ly for the 120 cone are shown as the circled line in Fig. 19. The

difference for this one angle is that the calculations were carried

very far downstream such that a pure cone was approached (RN/RB V.075).

The approach to the slender cone shows that the drag coefficient

actually undershoots the cone value by a small amount (19), and that

for a value of RN/RB as high as 0.2 the drag coefficient is almost the

same as for a pure cone. This is due to the pressure undershoot on

the cone surface when a small spherical nose is put on the body.

Thus it is necessary to blunt the nose a surprising amount before

any significant effect on the over-all drag coefficient occurs. This

fact will have significance later in determining the wake properties.

5.3. Initial Wake Inviscid Enthalpy Distribution

The invincid enthalpy distributions downstream at p =pi

are shown in Fig. 20 for M = 5.9 and Figs. 21 and 22 for M 22.I
The profiles as shown are in the Howarth coordinate which is used in

the analysis.

For the case of M = 5.9 the enthalpy both with and without

the wake shock is shown in Fig. 20. The bow shock profile is constant

until the expansion fan occurs. The sudden change in slope here plays

an important role in the wake history. The wake shock contribution

io significant near the axis where the flow deflection is the greatest.

However, as indicated by the line labeled (YiL .most of this peak is

engulfed in the viscous core at the neck. The effect of the second
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shock is to "smear" out the vertical front presented by the bow shock.

For this low Mach number even the peak inviscid enthalpy at YL = 0 is
hrelatively "cold", giving only jj- = 1. Ti fettnstoward

computational difficulties when computing quantities such as drag

which depend on very small differences.

The high Mach number cone shown in Fig. 21 irdicates again

that most of the "hot" inviscid region due to the wake shock should

be already swallowed by the "neck". In this case, to the accuracy of

the computations, the wake shock gave no noticeable contribution be-

yond the knee in the curve (YL )YLs). For this cone even at M . 22

and including the wake shock the maximum inviscid enthalpy ( 3) is

still "cold" compared to the viscous core value used here (4(O~i = 16).
h

Primarily shown on Fig. 22 is a compilation of enthalpy pro-

files for ML = 22 including both families of sphere-cones and pure

cones. For RN/RB = 1/12 the extremely small hot pulse (normal shock

'enthalpy expanded to p = p ) occurs because of the small nose radius.

The overshoot on the cone region of the shock shape as discussed

earlier is evident here by the dip in the enthalpy profile, followed

by the approach to the cone value at YL = 0.4. Boundary layer calcu-

lations at the cone shoulder show that the rss in this inviecid hot

pulse is entirely engulfed in the boundary layer by that point, thus

it is incorrect to carry it into the wake calculations. In fact, as

shown on Fig. 22 the enthalpy undershoot is also within the viscous

region at the time the flow reaches the neck. Thus if the nose/base

radius ratio is as small as 1/12 pure cone flow can be used for equi-

librium wake calculations.

For RNAB = 1/2 the width of the inviscid enthalpy pulse

has been reduced from the sphere by a factor of 2-3 which is certainly

predictable from the drag coefficients. Here the viscous front is
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still within a very hot region but near the point of rapid change.

This will effect the nature of the wake history as seen later.

Besides the 120 cone Fig. 22 shows pure cone enthalpy pro-

files for @ = 220 and 320. From these curves comparing the general

nature of the sphere cones and pure cones it can be seen how differ-

ently the nose shapes distribute the waxe enthalpy. One very vivid

comparison is the 220 cone and sphere-cone (9, = 120, RN/RB 
= 1/2),

which have the same over-all drag but from Fig. 22 are seen to be

very much different in distribution.

In conclusion the inviscid flow field can be affected

drastically by shaping the body. We now turn our attention to the

calculation of the downstream wake properties.

6. DISCUSSION OF DOWNSTREAM WAKE PROPERTIES

In order to find the downstream wake properties Eq. (11) along with

its component parts has beer, programmed on a computer. The necessary inputs

are the initial values of (Y L (C1D)i;( 2)) along with the downstreampressue hisory, x 5.1

pressure history, P2 vs. ', and the radial enthalpy distribution g(YL) vs. Y

The enthalpy distribution was put in numerically as determined directly from

the shock shape. Previously (1) the distribution was approximated analytically

in such a manner as to make the total drag correct. The advantage of using the

numerical value is that no distortion of the profile occurs in the sensitive

inner portion by forcing an over-all curve fit. Also, if only partial shock

shapes are known the wake can be found at least for some distance downstream.

A question occurs concerning the initial axial station at which mixing

calculations should be started. This occurs because the analysis does not in-

clude a pressure gradient and the pressure drops initially very rapidly, es-

pecially for a blunt body. The procedure adopted in Ref. (1) was again used,

namely it was arbitrarily assumed no mixing occurs until the pressure is down

to P/P 4. The wake is assumed to simply expand by the square root of the

pressure ratio from the neck to the initial mixing station, i.e., where p/pM = 4.
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Since for a blunt body at high speeds the pressure behind the shock is about

- 24 p this results, in practice, in starting the mixing calculations 6-8 di-

ameters downstream. For a slender body, however, (0a- 12° ) the calculations

are started right at the neck since the pressure is less than 4 pw initially.

6.1. Wake Growth

The three features brought out below deal with, 1.) shape

variation comparirg wakes of blunt and sharp bodies, 2.) shape vari-

ation effects on bodies with the same drag coefficient, and 3.) alti-

tude (Reynolds number) efects.

6.1.1. Effect of Shape Variation (Blunt vs. Sharp)

The available experimental wake growth data are

from Slattery (4) and Clay and Siperly (5) and Short. A com-

parison of the theoretical and measured growth for the bal-

listic range data of Slattery (4) and Clay is shown in Fig. 23.

The figure also shows their measurements for spheres and the

corTesponding calculations made in Ref. (1). The difference

in character in the sphere growth and cone growth can be seen.

The dotted line is the asymptotic valuc ^or the cone calcu-

lations and it falls below the sphere calculations by the cube

root of the drag ratio. The present theoretizal line for the

cones is on the low side of the data and is lower than the

scatter from l004 l,000. The theoretical inflection point

around 600 is the point at which the front breaks out into
d

flow coming through the expansion region of the shock and the

drag (as small as it is) is engulfed rapidly. It would appearx
something like this happens around - = 100 in the experiments.

d
The comparison with the Siperly (5) and Short

data is shown in Fig. 24. The data was taken at NAS-Ames.

This body is a blunter cone and at slightly higher velocity

than the Lincoln data. The data indicates a rather sudden in-

crease in wake width around s--l00. This is the typical be-
d"

havior predicted for a cone; however, the "explosion" predicted
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I
from the theory occurs later at around -300. The early humpsx
in the curves around -a 1 occur due to the pressure decrease

d
to ambient. At -;1,000 most of the drag should be engulfed by

the core and the curves should approach their asymptotic behavior.

Growth curves for three cases at high :'.ch number

are shown in FiG. 25 to illustrate further the contrast between

blunt and slender bodies. Those shown here are the 12 cone,

sphere-cone, sphere family (Cases I, II and D).
+

'iero again the cone curv is significantly below

the other shapes. The sudden explosion at about x 130 for
d

R U/RB = 1/2 is due to the previously mentioned fact that the

front started in a hot region but very close to a rapid drop

off in the enthalpy. The cone wake growth is near a cube root

throughout except around .700 where it hits the sudden drop

in inviscid enthalpy as seen in Fig. 21. The humps in the

growth curves for low values of x (k 50) are again due to the

pressure decay characteristics.

The rate of turbulent core growth depends on the

amount of inviscid drag swallowed. In fact, over the whole

regime a rough qualitative estimate (1) states that for an

axi-symmetric wake

T f- KDf Ty f)(1

If Eq. (21) is normalized by 4 CDA, where A is the base area,
then (2)

__ K CDf YTf) (22)

ICD A 1 /C CD]

+ Base radius RB was taken as 1 Ft.
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The only difference from a low speed wake is that CDf (YTf) is

a changing function except in the constant conical region for

a cone and the far downstream asymptote where CD (Y ) /CD = 1.0

(See Eq. 9).

For the early stages of the cone growth, rather

than an approximate equation of the form of Eq. (22), the full

Eq. (11) can be simplified considerably. As long as the turbu-

lent front for the cone is growing into a uniform region, which

is "cold", no relative drag compared to the initial front is

being engulfed. For the cone up to the point where the front

begins to decrease g(YL) = 1, hf = 1 + H and from Eq. (12c)
h

1 1

D()m1 YX 1+Hl (12c)I P . Y L f

Also, since the slope of the front is zero and no relative drag
has been angulfed, F1 = F2 = 1. With these facts 3q. (11) be-

J2

comes
___ 1

"fi

The axis enthalpy is now h o = (l + ) + . , so Eq. (1

Lf-

becomes

Y 1 x 1r 1on c J onat:l
If( .) (l+H) + const. * +l f C ) m

Lfi .T

The a&xls enthalpy tern in the [ ] brackets has the effect of

slowing down the initial growth, but becomes small, fairly soon

and when Y + 6,f m+2 (Cf) similar to Eq. (21).
Lf>O ff- D Li*

Thus as h(0) _) hf and prior to reachiDS the break in the enthalpy

curve the cone growth should go as the cube root and be nearly pro-

portional to (CD ) . This is shown for Y in the sketch below
fi £f
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Sketch 2. Initial Cone Wake Growth

At the far downstream asymptote where all the drag

has been engulfed by the turbulent core Eq. (11) becomes

it

-M's-2 (m+2) 2-L ml(0) (CD) (23)
M+l

which when normalized with A becomes like Eq. 22 where

c D (Y,) /C D= 1.0Dfl

3

AY f Const. x (24)

Thus plotting the wake growth normalized by CDA gives one

curve asymptotically for all bodies regardless of shape and

size. This is shown in Fig. 26.

6.1.2. Effect of Shape Variation (Same Drag Coefficient)

The blunted cone R1./R B = 1/2 and the 220 pure cone

have the sane drag coefficient (CD S .30). The inviscid

enthalpy profiles were seen in Fig . 22 to have completely differ-

ent enthalpy distributions although the drag integral is the same.
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F21- the discussicn in the previous secticn on Seerl- tbl-ut vs,

slender -.ake &:owth o:e igh exrject the earlyI portions of the

wake of these tuo bodies to be different and this is Seen to be

true in Fig. 27. Eventual y the curves coincide but until

,0CO the bevior for these two bodies of the sae drag (and
d
area) is qiaite different.

6.1.3. Effect of Altitude Variation

The effect due to altitude is caused -rImsily by

the Reynolds nuber through (CD) i. in co-paring S3 scale

ballitstic range data with large body high Mach conditions this

effect can be very importent. To illustrate, three high Web

cases were calculated at altitudes of 60K, lOOK and 150K feet.

For the higher altitudes or lower Reynolds number, the skin

friction becomes a larger percentage of the total drag. This

results in the turbulent core starting farther out on the in-

viscid front, Xhich in turn tends to reduce the initial growth

diffeaces seen to exist previously. Indeed, if (C ) is
-fi±

large enough, all that occurs is the asymtotic cube root

growth.

The impor;ance of this effect is seen in Fig. 27,

where curves for both 100K and 150K feet are included, and

Fig. 28 for the 120 cone. In Fig. 27 the difference between

the two bodies is smaller at 150K feet than at 100K feet. In

fact, in Fig. 28 for the 12 cone at 150K feet no himp in the

curve is observed because the front starts outside of the

cnthalpy break. The reason that the 60K feet curve is above

that for 100K feet is because turbulent skin friction was

assumed to exist at this altitude. If transition on the body

occurs at an altitude different from what was assumed here,

obviously (CD ) changes and consequently also the downstream

wake.
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6.2. Dzz. tf-1 ar Velocity Distribrations

cr:aps the zost significant effect of shaig crn ba seen

froz th c nt ripy a-. velocity distributions as sinn in Figs. 29

and 30. -ig. 29 shows the enthpy and velocity dictributions alo1:3

the axial st. -ea line and- the front for the -0 core - sphere fae-:ly

(Cases i, IT and D). These are plotted against the "reduced" co-
xordinate - -. Since the analysis assumes a constant stagnation

.C A

enthalpy u 4 - h, an the velocity deficit along the axial stream-
u -u(o)

line normaized by the free stream, , is shown ,n the right

hand ordinate. Fig. 30 shows the enthalpy and velocity distributions

along the axial streamline at two altitudes for the two bodies with

the same drag (Cases II and B).

It is noted that reducing the nose radius significantly re-

duces the wake temperatures, especially for the cone which drops an

order of magnitude faster than the sphere. In fact the cone drops

so rapidly it appears the very early history is insensitive to the

exact initial enthalpy level chosen. This general behavior is not

evident beforehand because the front spreading rate is much slower

for the cone. Conceivably the low cone wake growth rate could cause

any high core temperatures to persist far downstream. The long

persistence cf a high core temperature is enhanced by and, in fact, de-

pends on the core engulfing hot fluid or drag from the outer region.

For an axi-symmetric body the enthalpy excess of the axis above the

front is given by Eq. (8) or (18)

h(O) - hf Df

h, 2
Lf
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where C Df is the initial plus engulfed drag in the core. If the mo-

mentum defect relative to the front increases, then CD increases with

Y thus keeping (h(O)-hf) large. For the sphere this occurs such
Lf

tbat (h(0)-hf) is almost constant for hundreds of diameters, and the

overall temperature level drops only as the front temperature de-

creases which is relatively slow. For the cone practically no inviscid

drag relative to the initial front is engulfed for hundreds of diameters

(the inviscid enthalpy profile is almost constant), thus any core ex-

pansion at all has directly the effect of drastically reducing the

temperature.

The velocity follows a similar history. For the cone the

velocity is onr 5% different from free stream by 125 units of

x (-30 body diameters), whereas for the sphere it takes nearly

6.9O units of x (_ 600 body diameters). Another interesting com-

parison deals vith the velocity slowdown at some level of radar

frequency, say UHF (ne (critical),,l.6.1& electrons/cm3 ). At this

point for the sphere a change in velocity of 100 ft./see. would occur

in a distance of &x,25 feet (assuming d = 2 feet) while for the cone

AX-i foot.

In comparing the enthalpy and velocity histories of the

two bodies with the same drag (Fig. 30, Cases I! and B), it is seen

they are quite different, as were the wake growths. The 220 cone

follows more closely the drop of the 120 cone rather than the blunt

body. Also, as in the wake growth, the effect of increasing (CD )i

(raising the altitude) decreases the difference between the bodies.

6.3. Electron Deca

6.3.1. EquiLbrium Flow Conditions

The effect of the drop in enthalpy with decrease of
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nose bluntness is felt directly on the electron decay as shown

in Fig. 31. This shows the axial electron density for the 120

cone, sphere-cone and sphere (Cases D, I end Ii). Both the

cone and sphere-cone electron concentrations drop rapidly in

comparison to the sphere.

The depemnence of th- equilibriumn clcctron concen-

tration on drag coefficient for this class of bodies, i.e.,

sphere-12 cone series, can be seen by cross plotting the

distance it takes to drop to various electron levels vs. the

drag coefficient. This is shown in Fig. 32 where the electron

levels have been arbitrarily chosen as those corresponding to

critical frequencies for C band (5600 mc), L band (1300 mc),

and UHF (400 mc). The surprising result occurs that the decay

length is linear with the drag coefficient. In view of the

other results concerning bodies with different cone angles

this curve cannot be applied to any general shape, it should,

however, hold for other sphere-cone bodies with a 120 cone

angle.

6.3.2. Pure Mass Diffusion

The electron decay for pure diffusion is also shown

in Fig. 31 for the cone and sphere. This calculation makes use

of Eqs. (14) and (15) and assumes a foreign species (e.g., ab-

lation products) to be deposited into the wake through the neck

with an initial gaussion radial distribution and subsequent

zero recombination. The diffusivity used is that which is

found for the enthalpy. Fig. 31 shows this type of diffusion

for the cone to be even slower than for the sphere. Since W

recombination takes place, the slow diffusion results from the

slow cone wake growth. Very far downstream, after the "explosion"

in cone growth the rate will eventually be the same.

Except for the pure diffusion calculations of this

section the assumption of thermodynamic equilibrium has been

made everywhere in this report. This means that as far as an
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Opplication to the re-entry problem is concerned the results

will not hold above a certain altitude; which is approximately

100K feet (see Ref. 2) due to non-equilibrium effects. The

possible importance of non-equilibrium effects is emphasized

by the results cf Fig. 31 in noting the difference between the

equilibrium curve on the one hand and the ultra-cons(-rvative

zero recombination pure diffusion on the other band.

6.4. Effect of Accuracy of Initial Wake Conditions

An effect of inaccurately choosing the initia.. conditions

for the wake can be inferred either from the enthalpy histories or

the wake growth curves in Fig. 27. For the sphcrc-ccne (RB= 1/2)

the difference in (CAt ) at 100K feet and 150K feet is almost exactly

a factor of two. Beyond the relative differences in wake behavior

discussed previously, it is noted that the basic nature does not

change due to this difference in initial conditions Also the cone

enthalpy histories of Fig. 30 show very little dife1rence between

the lOOK feet and 150K feet conditions and the (C ) variation for

these is about 2.5. Thus it appears that on an absolute basis the

error must be fairly large before any fundamental difference in wake

behavior would occur.

7. CONCUSIONS

1. The analysis of Ref. 1 can be applied to slender bodies as well as

blunt bodies.

2. Body shaping has only a small effect on initial core drag values,

these being nearly equal for the sphere and cone of the same base di-

ameter. The Reynolds number of the body (size or pressure) is much

more significant in determining the initial core drag.

3. The wale shock may alter the shape of the inviscid enthalpy profile

significantly for slender bodies (especially at low Mach number), but

does not alter the wake grouth\ to any degree. This is because the

general level of the inviscid enthalpy is so low.
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CONCLUSIONS (Cont'd.)

4. The turbulent front growths behind the cones calculated are slower
X 04

than for blunt bodies until - 10JCDA

5. Axial enthalpics drop very rapidly as the nosz is sharpened. Slender

cone wake enthalpies decrease an order of magnitude faster than the

sphere.

6. Bodies of the same drag coefficient but different shapes will have

different wake histories until the asymptotic downstream conditions

are reached.

7. An increase in core drag or altitude tends to decrease any difference

in wake behavior due to shaping.

8. Equilibrium electron density decay follows the fast drop of the

enthalpy with nose sharpening. It was found for the sphere -120 cone

family of bodies that the axial distance to decay to a given electron

density wab directly proportional to the drag coefficient. However,

this behavior is not a unique function of the 'Irag coefficient for

all body shapes.

9. Until significant inviscid wake drag is engulfed the slow cone wake

growth can cause the pure diffusion of a foreign species (e.g., ab-

lation products) with zero recombination deposited in the wake to

take even longer for the cone than the sphere.
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